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The amount of time and money spent on restoring rivers for declining populations of salmon has grown substantially in recent decades. But
despite the infusion of resources, many studies suggest that salmon populations are continuing to decline, leading some to question the
effectiveness of restoration efforts. Here we examine whether a particular form of salmon restoration—channel reconﬁguration with gravel
augmentation—generates physical and biological habitat that is comparable with other streams that support salmon. We compared a suite
of habitat features known to inﬂuence the various life stages of Chinook salmon in a restoration project in California’s Merced River with
19 other streams that also support Chinook that we surveyed in the same geographic region. Our survey showed that rifﬂe habitats in the
restored site of the Merced River have ﬂow discharge and depth, substrate and food web characteristics that cannot be distinguished from
other streams that support Chinook, suggesting that these factors are unlikely to be bottlenecks to salmon recovery in the Merced. However,
compared with other streams in the region, the Merced has minimal riparian cover, fewer undercut banks, less woody debris and higher water
temperatures, suggesting that these factors might limit salmon recovery. After identifying aspects in the Merced that differ from other streams,
we used principal components analysis to correlate salmon densities to independent axes of environmental variation measured during our survey.
These analyses suggested that salmon densities tend to be greatest in streams that have more undercut banks and woody debris and lower water
temperatures. These are the same environmental factors that appear to be missing from the Merced River restoration effort. Collectively, our
results narrow the set of candidate factors that may limit salmon recovery in channel reconﬁguration restoration efforts. Copyright © 2012 John
Wiley & Sons, Ltd.
Supporting information may be found in the online version of this paper.key words: restoration; gravel augmentation; channel reconstruction; regional reference; survey
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River restoration has received increasing interest over the
past several decades as natural habitats have become pro-
gressively degraded. These restoration efforts often vary in
goal and scope but generally attempt to reconstruct river
channels so that erosion and transport of ﬁne sediments from
agricultural land is reduced, in-stream habitat heterogeneity
is enhanced, connection with the ﬂood plain is increased
and water quality is improved (Trush et al., 2000; Bernhardt
et al., 2005). Despite a large increase in the number of restor-
ation efforts, critics have shown that most projects lack clear
goals for data collection, benchmarks that restoration sites
should ultimately resemble (i.e. good reference conditions)*Correspondence to: L. K. Albertson, Department of Ecology, Evolution,
and Marine Biology, University of California-Santa Barbara, Santa Barbara,
California 93106, USA.
E-mail: lindsey.albertson@lifesci.ucsb.edu
Copyright © 2012 John Wiley & Sons, Ltd.and long-term monitoring (Jungwirth et al., 2002; Kondolf
et al., 2007; Palmer, 2009). Additionally, the majority of
salmon restoration projects do not provide pre-treatment
sampling that would allow rigorous temporal comparisons
that could be used to evaluate the restoration’s success (Hicks
et al., 1991). As such, a large fraction of studies that evaluate
restoration efforts are forced to use post hoc spatial compari-
sons with a reference location, which can be a comparably
weak form of inference because of the inherent problems of
ﬁnding historically comparable sites (Jungwirth et al., 2002;
Roni et al., 2005).
The lack of historical data and obvious reference sites is a
common problem faced in California, which is one of the
most active zones for restoration in the US (Bernhardt
et al., 2005). Many restoration projects in California focus
on restoring habitat required by threatened anadromous ﬁsh
species like Chinook salmon (Oncorhynchus tshawytscha).
Although Chinook in California once supported a vibrant
L. K. ALBERTSON ET AL.470ﬁshery, populations have dwindled (Yoshiyama et al., 2001;
Paciﬁc Fisheries Management Council, 2008). There are a
number of hypothesized causes for the decline in Chinook
populations (Moyle, 1994), including loss of spawning and
rearing habitat in rivers because of altered ﬂow regimes from
damming and agricultural diversions, gravel mining, intro-
duced species and nutrient enrichment. In an attempt to
improve degraded habitat, a large number of restoration pro-
jects in California have tried to reconﬁgure stream channels
and/or enhance riverbeds with rocks of the ideal size and
shape to encourage adult spawning (Kondolf and Mathews,
1993). During this processes, channels are restructured
in ways that (i) enhance bed movement and the forma-
tion of heterogeneous rifﬂe–pool sequences during high
discharge events and (ii) enhance physical properties
of the river bed that are thought to be important for
Chinook spawning, such as the homogenization of sub-
strate by removing both ﬁne particulates that might harm
eggs and juveniles (Chapman, 1988) and large boulders
that might hinder construction of redds.
We recently began looking at how a case study of large-
scale river channel reconstruction in California’s Merced
River has altered physical and biological characteristics of
the riverbed in ways that might impact Chinook (Albertson
et al., 2010; Romanov et al., in revision; Utz et al., in
review). Channel reconstruction of a 2.7-km-long reach in
the Merced River took place in 2001 following a levee fail-
ure that created a braided and frequently ponded area of the
river that was not viewed as suitable habitat for salmon
(California Department of Water Resources, 2001). After re-
construction (described more in the Methods), channel
morphology and bed condition evolved through the accumu-
lation of bed material from upstream sources during ﬂood
events (Legleiter et al., 2011), creating a sinuous river channel
with developing bar-point geomorphology. Ideally, resources
would have been allocated for pre-reconstruction and post-
reconstruction monitoring data so that the impacts of channel
reconﬁguration could be assessed with a before–after control
impact analysis (Stewart-Oaten et al., 1986). But like most res-
toration efforts, no pre-restoration monitoring was performed,
and post-monitoring was only given consideration well after
the project was completed.
Given the data limitations, our initial approach to studying
this system was to compare physical and biological character-
istics of the Merced’s restored site with those of an upstream
‘reference’ site that had not been restored. The rationale for
this comparison was that the close proximity of the two loca-
tions ensured that physical conditions could be compared
between reaches that, at the least, shared a common species
pool and had similar underlying geology. Based on this
upstream–downstream comparison, we showed that inverte-
brate communities in the restored site achieve lower abundance
and biomass than those of the reference site and shift fromCopyright © 2012 John Wiley & Sons, Ltd.sessile net-spinning hydropsychid caddisﬂies in the reference
site to highlymobile grazingBaetismayﬂies in the restored site
(Albertson et al., 2010). Small-scale experiments suggest that
these shifts are at least partly because of increased mobility
and homogeneity of substrates in the restored site (Albertson
et al., 2010). We also found that native Sacramento pikemin-
now (Ptychocheilus grandis) are less abundant in the restored
site but have faster growth rates (Romanov et al., in revision)
and that juvenile Chinook salmon in the restored site specialize
their feeding on Baetis mayﬂies and experience growth rates
comparable ﬁsh in the unrestored reference (Utz et al., in
review). Collectively, these studies suggest a rather dramatic
shift in the invertebrate food web of the restored reach, prob-
ably driven by changes in geomorphology, which are inﬂuen-
cing the diets, growth and possibly abundance of several
resident ﬁsh species. However, a key limitation of using the up-
stream reach as a reference is that the reference location has
itself experienced a variety of human-induced changes, includ-
ing replacement of the riparian corridor with agriculture land,
reduced ﬂow because of dam control and water diversion,
and sedimentation. So although we have been able to docu-
ment that the restored section of the Merced River is different
from an upstream stretch of river that was not inﬂuenced by
the restoration effort, our studies do not indicate whether the
restored section of theMerced has created habitat more capable
of supporting Chinook.
Given the limitations of our upstream reference—down-
stream restored comparison and extensive literature suggest-
ing that a regional perspective may help better deﬁne
effective goals, management strategies and restoration techni-
ques (Poff and Ward, 1990; Brinson and Rheinhardt, 1996;
Ziemer, 1997; Liermann and Roni, 2008), we initiated a com-
plementary study that aimed to compare the physical and bio-
logical characteristics of the restored Merced River with a
broader array of streams in California’s Central valley that
are known to support Chinook populations. To do this, we
conducted a regional survey of biological and physical factors
that are thought to inﬂuencevarious life stagesofChinook(eggs,
juveniles and spawning adults) in 20 streams throughout
California’s Central Valley where biologists from the Depart-
ment of Fish and Game have monitored spawning populations
of adult Chinook. We used data from our regional comparisons
to ask two complementary questions. First,which characteristics
of the restoredsectionof theMercedRiveraredifferent fromcon-
ditions of 19 other streams in the region that support salmon?
Addressing this question is an important ﬁrst step in identifying
which factorsmight be bottlenecks that limit recovery of salmon
populations in the Merced. We then used our data to ask which
habitat characteristicsmeasured in all streams of the data set cor-
relatemost stronglywith documented salmon densities through-
out the Central Valley of California. Although correlation does
not imply causation, this second analysis is potentially useful be-
cause it helps identify factors that do not correlate with regionalRiver Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
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tors are less likely to limit salmon recovery than factors that both
(i) correlate with regional salmon densities and (ii) are missing
from the Merced River. As we will show, these approaches
converge on a set of common hypotheses that may help
explain which factors limit the recovery of salmon popula-
tions in the Merced River and perhaps in similar restoration
efforts as well.METHODS
Regional comparisons for the Merced
Merced channel reconstruction. Restoration of the
‘Robinson reach’ in the Merced River (lat 3729′N, long
12028′W) occurred in 2001 as part of the Merced River
Salmon Habitat Enhancement Project. Flows in the Merced
are reservoir dominated, and regulated by the New Exchequer
Dam, ﬂood pulses typically occur biannually in April and
November, and bank-full ﬂow capacity of the channel is
approximately 48.14m3 s1 (California Department of Water
Resources, 2001). Prior to restoration, a ﬂood in 1997 resulted
in levee failure that redirected all ﬂow to an area formerly
mined for gravel, which created a 2.7 km braided section of
stream that was broad, shallow and occasionally ponded
(California Department of Water Resources, 2001). During
reconstruction, the stream channel and ﬂoodplain in this area
were re-graded and re-surfaced to produce a meandering,
single-thread channel that contained alternating rifﬂes and
pools with a gravel bed of median rock size 55mm in
diameter. Channel width (approximately 30m), gradient,
sinuosity and bed texture were designed so that the river ﬂow
would generate bed-material transport to maintain rifﬂes
that are not clogged with ﬁne sediment and which would
be gradually reshaped into pointbars. These habitat char-
acteristics were established with the goal of recreating the
natural meandering state of the river with habitat where adult
Chinook are hypothesized to have spawned before the levee
failure (California Department of Water Resources, 2001).
We began our studies here using a nearby upstream reference
site in an attempt to evaluate whether these goals were met.
Regional site selection. To expand our reference condition, we
compared habitat characteristics in the restored Merced River
with other streams in the same geographic region that are
known to support salmon in California’s Central Valley. We
ﬁrst identiﬁed all streams in the Central Valley that currently
support viable populations of Chinook. To do this, we used
published information from the California Department of Fish
and Game (CDFG)’s Central Valley Salmon and Steelhead
Monitoring Programs (Table I; Low, 2007) and the National
Oceanic and Atmospheric Administration (NOAA) Chinook
Salmon Current Stream Habitat Distribution Table (http://swr.Copyright © 2012 John Wiley & Sons, Ltd.nmfs.noaa.gov/hcd/dist2.htm). We considered any streams
that were listed in these references as having annual runs or
conﬁrmed intermittent runs as streams that could presently
support salmon. After streams that could support salmon
were identiﬁed, sampling locations were selected within
each stream based on CDFG-designated spawning areas,
which were summarized in NOAA’s Central Valley
Chinook Salmon Current Stream Habitat Distribution Table.
During this process, we reduced the total number of streams
that could support salmon to a subset of 19 streams that
could be accessed by wading. After identifying sampling
locations in accessible streams, we travelled to each stream
to sample habitat characteristics in two rifﬂes per stream
located within the most upstream designated spawning zone
that was also accessible by vehicle or foot. In three cases
(Dye Creek, Stanislaus River, Toomes Creek), only one rifﬂe
could be located and sampled. We fully recognize the
limitations of sampling only two rifﬂes within each stream, as
two rifﬂes cannot possibly characterize the entire spawning
area for a given stream. Thus, the primary risk of this
sampling design is that we do not accurately capture the mean
value of any given variable for any particular stream (Hughes
and Peck, 2008). Nevertheless, we consciously chose to put
our limited time into sampling a great number of streams in
lieu of intensive characterization of a small number of
streams. We chose this design because it maximizes variation
among the measured variables that is, as has been advocated
by statisticians, a far more powerful approach for identifying
outliers, and for ordination of measured variables (Cottingham
et al., 2005). So long as the relative variation among streams
is maintained, the lack of accurate characterization within any
single stream has no bearing on statistical inferences.
Field sampling and overview of measured variables. In
each stream, we sampled approximately 15 habitat
characteristics that are thought to inﬂuence the survivorship
of salmon eggs, ﬁtness of juveniles, or habitat choice and
spawning by adult salmon (see Table II for a summary;
Groot and Margolis, 1991; Barbour et al., 1999). Sampling
took place between 20 June and 4 July 2008. This time
frame corresponds to a period of summer base ﬂows in the
Central Valley of California, and it follows the annual spring
migration of juvenile Chinook. It might have been
preferable to complete all of our sampling in the fall or
spring when adults, eggs or juveniles are actually present in
the stream channels. However, the CDFG constrains permits
during the spawning and rearing periods such that the
summer months immediately following migration represents
the ﬁrst time that streams are accessible. We should note,
however, that the timing of sampling does place certain
constraints on our interpretation of data because it was not
possible to measure habitat characteristics when ﬁsh were
actually present in the stream. For most variables (e.g.River Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
Table I. For each of 20 streams in California’s Central Valley where we surveyed habitat in 2008, the matrix shows the method used by the
California Department of Fish and Game to estimate Chinook population size in past years. Methods were obtained from Low, 2007 or from
CDFG personal communication.
A total of nine methods have been described and the method used for any given population size estimate varies between rivers and between years on the same river.
L. K. ALBERTSON ET AL.472riverbed grain size), this mismatch between the periods of
biological activity and period of sampling is likely to be
small and seems unlikely to show much change between
months. But for select variables, of which water temperature
is the most obvious and problematic, there is potential for
large seasonal ﬂuctuations. To deal with this potential
mismatch, we examined whether variation in temperature
among streams for the period in which we sampled was
representative of the differences in water temperature for
those same streams during the spring when juvenile ﬁsh are
present. To do so, we correlated our summer temperature
measurements to daily average temperature measurements
taken from 1 April to 31 May 2008 in a subset of the
streams that we surveyed where gauges maintained by
the California Department of Water Resources record
temperature throughout the year. The Pearson correlation
between spring and summer temperature measurements was
positive and strong (r=0.75, p=0.05) (Figure S1). This
indicates that although the absolute summer temperatures
differ from spring values, the relative differences in stream
water temperature are preserved. In other words, streamsCopyright © 2012 John Wiley & Sons, Ltd.that are relatively cold in the spring are also colder in
summer, and streams that are relatively warm in the spring
are also relatively warm in the summer.
Flow and geomorphology. We measured several factors
that characterize ﬂow and geomorphology in rifﬂes where
Chinook spawn. Chinook can spawn in as little as 5 cm of
water and as much as several metres of water if the velocity
is not too fast (Groot and Margolis, 1991). To characterize
both the mean water depth and velocity at our sampling
locations, we measured 20 evenly spaced locations along
the wetted width using a Sontek FlowTracker Velocimeter
attached to a wading rod calibrated so that velocity
readings were taken at 60% of the channel depth. Mean
annual discharge data, another variable known to inﬂuence
spawning and juvenile migration timing, were collected
from the closest gauge station maintained by either the
United States Geological Survey (USGS) or the California
Department of Water Resources. Water temperature (C)
was measured at midchannel using an YSI 85 probe (YSI
Incorporated, Yellow Springs, OH, USA). Chinook alsoRiver Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
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L. K. ALBERTSON ET AL.474use conditions of the bed itself, like grain size and
compactedness, to evaluate where to build redds (Groot
and Margolis, 1991). To determine the grain-size
distribution within each rifﬂe, we sized 100 grains selected
along transects across the wetted channel width using a
Pebbleometer (Wildlife Supply Company, Yulee, FL,
USA) and calculated the median grain size of the bed
(D50). To assess the compactedness of the riverbed, we
measured the force needed to shift a rock (Fc) using spring
balance. This method was adopted from Sousa (1979) and
Downes et al. (1997). A spring balance, either ranging to 1
or 10 kg depending on rock size, was attached to at least
100 rocks chosen haphazardly along the wetted channel
width using a grappling hook. The grappling hooks were
designed by bending a steel rod so that one end had two
curved prongs that were attached to the upstream end of a
randomly selected rock. The spring balance attached to the
rod was then pulled downstream until the rock just began
to move, and the mass was recorded. Spring balance
readings were converted to units of force by Newton’s
law: Fc =mass acceleration. Benthic ﬁne sediment, a
factor known to inﬂuence interstitial ﬂow and thus egg
survivorship, was measured at six randomly selected
intervals along a transect spanning the channel wetted
width. The number of intersection points that fell on ﬁne
sediment in a 0.5 m2 quadrant was visually counted
through snorkelling.
Trophic status. To measure nutrient concentrations, which
sometimes serve as an indicator of water quality, we passed
water samples collected from the well-mixed midchannel
through a 0.7-mm ﬁlter (Whatman) into a 15-mL falcon tube
and capped the tube without air. The sample was immediately
frozen, transported to the University of California-Santa
Barbara (UCSB) using a portable freezer (Waeco CF-18)
and analyzed for NO2
, NO3
, NH3 and PO4
3 using an
automated ﬁve-channel wet-chemical analyzer Omnion
(Fia) system within 3weeks by the UCSB Marine Science
Institute Analytical Laboratory (http://www.msi.ucsb.edu/
services/analytical-lab). Chinook eggs are sensitive to
dissolved oxygen (mg L1) concentrations (Groot and
Margolis, 1991), which we measured at midchannel using
an YSI 85 probe (YSI Incorporated). Additionally, we
quantiﬁed algal biomass from three randomly selected
50-mm rocks at each rifﬂe. Algal ﬁlm was scraped from
a circular area (15.89 cm2) on each rock, homogenized
in 400mL of stream water and ﬁltered through a 0.7-mm
ﬁlter (Whatman). The ﬁlter was placed in 10mL of 90%
EtOH, stored in a dark cooler and analyzed using
spectrophotometry within 3weeks for chlorophyll a as a
proxy for algal biomass.
Invertebrate composition, density and biomass. To
quantify the amount and type of food available to juvenileCopyright © 2012 John Wiley & Sons, Ltd.salmon—the only life stage that actively feeds in-river—we
measured invertebrate abundance, biomass and community
structure at each rifﬂe using a 1m2 kick net (500-mm mesh).
Invertebrates were processed in the laboratory using
repeated counting of invertebrates in X subsamples taken
from our kick net sample until a minimum of 100
individuals were enumerated and identiﬁed using the guide
presented by Merritt and Cummins (1996). After 100
individuals were enumerated, the Xth subsample was
completed and the total abundance Ai of each species i per
squared metre was calculated as Ai * X.
Woody debris, undercut banks and shade cover. To
describe physical habitat structure that provides refuge from
predators and low-ﬂow resting spots for juvenile ﬁsh, we
conducted a survey by walking along 500m of riverbank in
each stream that was sampled. During the survey, we
measured the percentage of riverbank that was undercut, the
average size of a piece of woody debris, the density of in-
stream woody debris and the percentage of river bank that
was shaded. We measured the percentage of the bank that
was undercut by measuring the length of undercut sections
within the 500-m walking distance. To measure the density
of pieces of woody debris, we counted up to 25 pieces of
wood (diameter> 6 cm) and documented the distance we
had walked until 25 pieces were counted using a hand-held
GPS (Garmin, Olathe, KS, USA). We then calculated the
number of pieces of wood m1 * 100 to report the number
of pieces of wood 100m1. We also measured the length
and width of each of these pieces of wood to calculate the
average volume of a piece of wood (assuming a piece of
wood was cylindrical in shape). We determined the extent
of bank shading, a factor involved in predator refuge and
temperature regulation, by recording percentage of shade
cover over the river at a location approximately 1m from
the wetted bank edge using a hand-held spherical
densitometer. Readings were collected every 25m of the
500-m walk.
Statistical analyses for Merced restoration comparisons.
To compare habitat conditions between our restored and
reference sites in the Merced case study and other streams
in the region, we used boxplots to examine whether the
Merced restored and unrestored reaches lie within the
25th–75th percentiles of the region for the parameters
sampled. Values for the number of pieces of wood 100m1
were natural log transformed, and percentage of undercut
banks were arcsine square root transformed to reduce
heteroscedasticity. We then calculated the percentage rank
for key habitat features in the Merced to evaluate how
the restoration site compared with the regional reference
condition.
We also compared invertebrate community composition
between the streams in which we sampled using distance-River Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
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to establish whether there were differences in the types of
invertebrates available for salmon to eat in different streams.
To do this, we calculated distance matrices from relativized
species densities derived from kick net samples using the
Sørensen dissimilarity index (aka Bray-Curtis or Percent
Dissimilarity, calculated as 1 2W/[A+B] where W is the
sum of shared densities and A and B are the sums of dens-
ities in individual sample units [Sørensen, 1948]) using
the software package PC-ORD (MjM Software Design,
Gleneden Beach, OR, USA) (McCune and Mefford, 2006).Correlates of salmon density
To determine if habitat conditions that we measured cor-
relate with salmon population size in a river, we calculated
salmon density in streams for which salmon population
size estimates were available. To estimate ﬁsh density,
we used what is referred to by CDFG as ‘the GrandTab’
ﬁle (available at www.calﬁsh.org), which is a monitoring
data set that is updated annually with estimates of Chinook
population escapements for California’s Central Valley.
This monitoring programme provides estimates of Chinook
population sizes for the San Joaquin and Sacramento Rivers
and many of their tributaries.
One limitation of this data set is the inconsistency in the
methods that have been used to estimate salmon populations
(Table I). Not only have different methodologies been used
among rivers, but also methodologies have been altered in
different years for sampling the same river (Table I). There
is, at present, no obvious way to calibrate the different forms
of measurement. As a result, any use of this data set must
assume that CDFG personnel have chosen a method that
adequately, and appropriately, characterizes Chinook popu-
lation size in each individual stream. Although this is an un-
veriﬁed assumption that could potentially make the
reliability and comparability of the data tenuous (Williams,
2006), this is the only historical monitoring data set that
exists for Chinook in California. As such, we chose to
examine the existing data set despite its inconsistent meth-
odology. But we discuss the potential limitations of our ana-
lyses later in the paper to ensure that readers are aware of the
appropriate caveats. We are also careful to point out that all
results that stem from analyses of this data set should be
treated as hypotheses that remain to be conﬁrmed by more
reliable sources of data and mechanistic experiments.
After we compiled population estimates from the GrandTab
ﬁle, we calculated ﬁsh density for a given stream. Previous
studies have shown that larger rivers support larger pop-
ulations of Chinook (see Healey, 1991, p. 317; Figure 4)
and rivers in the Central Valley of California span a wide
range of sizes. Therefore, we standardized across streams of
different sizes by calculating the density of ﬁsh per meanCopyright © 2012 John Wiley & Sons, Ltd.annual discharge. Discharge measurements were chosen be-
cause they were easily accessible from USGS gauges across
streams that we sampled and seemed to provide a more accur-
ate measure of stream size than, for example, accessible water-
shed size or accessible river miles because most streams in
California’s Central Valley are dammed. The mean annual
discharge of each stream was determined from continuous
recordings taken at gauging stations at USGS sites (see Table
S1 for gauge locations), and salmon density was calculated as
the number of ﬁsh estimated to be in the population from the
GrandTab ﬁle per river discharge. Although there are records
of population size for some Central Valley streams back to the
1950s, our survey was only conducted in 2008. Thus, we fo-
cused our analysis on only the most recent years (2008 and
2007), for which our measurements were most representative.
For rivers in the GrandTab ﬁle that report values for hatchery
spawners (Battle Creek, Feather River, Merced River and
Mokolumne River), we only used population estimates for
in-river spawners.
Statistical analyses for correlates of salmon density.
Principal components analysis (PCA) was used to establish
which variables drive the environmental gradients in our data
set. To aid in interpretation of PCA axes, we condensed
information when possible (e.g. summed nitrogen and
phosphorous to represent ‘total nutrients’) and removed
variables from the data set that contained redundant
information. For example, dissolved oxygen was highly
correlated (R2> 0.60) with temperature, and temperature
appeared to be the more powerful explanatory variable for the
various life stages of Chinook and so was removed from the
PCA.
We used linear regression to test relationships between
fall-run salmon density in 2008 and 2007, the 2 years closest
to our survey period and the principal components calcu-
lated from habitat characteristics. Of the 20 streams in the
Central Valley in which we sampled biological and physical
habitat characteristics, our regression analysis was limited to
only 13 streams because only these same streams had esti-
mates of salmon population size for 2008 and 2007.
Although salmon records do exist for several prior years,
we were conservative and only ran this analysis for the most
recent years when the variables that we measured are most
likely to have the potential to directly relate to salmon dens-
ities. Salmon density values were natural log transformed to
reduce heteroscedasticity. Again, we reiterate that this
exercise is strictly correlative and was intended to identify
key habitat characteristics that might provide information
about the number of salmon that a river can support so that
we could evaluate whether the case study in the Merced
River has habitat characteristics that are present in other
streams in the region that support relatively high densities
of salmon.River Res. Applic. 29: 469–482 (2013)
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Regional comparisons for the Merced
Habitat features related to bulk ﬂow and geomorphology in
the restored Merced reach generally fell within the 25th–75th
percentiles for the region (Table II). Water depth (Figure 1a)
and discharge (Figure 1b), two factors that are potentially rele-
vant for spawning locations and the construction of redds, were
close to the average of the other 19 streams and fell within the
53rd and 54th percentage ranks, respectively. Temperature
(Figure 1c), a variable relevant to all life stages of Chinook,
was 24.5C and fell in the 58th percentage rank compared with
other streams in the region. As described in the Methods, this
trend was for summer water temperatures. However, the strong
correlation between spring versus summer water temperature
(r=0.75, p=0.05) (Figure S1) suggests that this result would
probably hold true for other seasons as well.
Mean rock size measured using pebble counts was
56.9mm (Figure 1d), and compactedness, measured as the
force required to displace rocks in the rifﬂes using a spring
scale, was 20.3Newtons (Figure 1e), placing these factors
in the 58th and 47th percentage ranks, respectively. Rock
size and compactedness are two major components that de-
termine redd location and quality during spawning. Percent-
age of ﬁne material (Figure 1f), a feature important for egg
survivorship, was low in the restored Merced and fell in
the 11th percentage rank compared with the other 19
streams. This was probably because of the relatively recent
addition of large particles during the gravel augmentation
in the Merced River restoration effort.Figure 1. For each habitat characteristic that describes ﬂow and geomorpho
region that were sampled. The raw data are shown as open circles above eac
restored site. The shaded box extends from the 25th to 75th percentiles, the
box show the 10th and 90th percentiles and ﬁlled black circles outside the lin
ranks for the Merce
Copyright © 2012 John Wiley & Sons, Ltd.Factors that described the trophic status of streams that
support salmon in the Central Valley showed that the
Merced was generally similar to nearby streams (Table II).
Total nitrogen and phosphorus (Figures 2a and 2b), both po-
tential indicators of water quality, were higher than the me-
dian for the other 19 streams and fell in the 63rd and 68th
percentage ranks, respectively. Dissolved oxygen concen-
trations that are important for egg survivorship were 9.8mg
L1 in the restored Merced and fell in the 68th percentage
rank (Figure 2c). Chlorophyll a, the proxy for algal bio-
mass and indicator of primary productivity, was low in
the restored Merced and fell in the 16th percentage rank
(Figure 2d).
Non-metric multidimensional scaling revealed that the in-
vertebrate community, a food source for juvenile Chinook in
theMerced, was similar to other rivers in the region (Figure 3a).
In addition, the abundance of invertebrates (3505 individuals
per squared metre) in the restored Merced fell in the 63rd
percentage rank of the region (Figure 3b), suggesting that
invertebrate abundance is relatively high in the restored site
compared with nearby streams. In particular, the number of
herbivores was higher (78th percentage rank) in the restored
Merced than in other streams in the region (Figure 3c), which
might help to explain the comparably low amount of algal bio-
mass (see Figure 2d). These results suggest that the food web
has shifted to be grazer dominated in the restored Merced but
that the overall density and structure of the invertebrate com-
munity is similar to other streams in the region.
In contrast to the food supply, habitat structure in the
restored Merced was notably absent (Table II). Followinglogy, the boxplot shows the distribution from all 19 streams from the
h boxplot, and the black triangle above the plot represents the Merced
line crossing the box shows the median, the lines extending from the
es show outliers. See Table II for measurement values and percentage
d restored site
River Res. Applic. 29: 469–482 (2013)
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Figure 2. The boxplots illustrate the distribution of habitat characteris
tics from 19 streams in the region that describe trophic status of the
system. The raw data are shown as open circles, and the black triangle
above the plot represents the Merced restored site. Nutrient and dis-
solved oxygen concentrations in theMerced River fall within the 25th
and 75th percentiles of the region. Algal biomass, as measured using
chlorophyll a, is relatively low in the restored reach of the Merced
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Copyright © 2012 John Wiley & Sons, Ltd.-restoration, undercut banks (Figure 4a), the number of pieces
of wood (Figure 4b), the average size of a piece of wood
(Figure 4c) and shade cover (Figure 4d) were much lower in
the restored Merced reach compared with other streams in
the region. The restored Merced was in the 0th percentage
rank for number of pieces of wood per 100m, undercut banks,
and shade cover, and the single piece of woody debris that was
found in the restored Merced was relatively small (16th per-
centage rank) compared with the pieces of woody debris
found in the 19 other streams. These ﬁndings indicated that
in-stream structure, including woody debris, undercut banks
and shade cover—all of which provide refuge for juvenile ﬁsh
from predators and high ﬂow—are signiﬁcantly lower, or
completely missing, in the restored Merced.Correlates of salmon density
Principal components analysis of biological and physical
habitat characteristics in all of the streams sampled indicated
that two axes explained 66% of all variation in the habitat
characteristics (Figure 5a). Both of these axes represented
interpretable sources of variation. The ﬁrst axis represented
a gradient in stream elevation. Streams on the ﬁrst PC-axis
ordinated from relatively small amounts of ﬁne bed material,
low nutrient concentrations and large D50 that are representa-
tive of streams in the northern and mountainous part of the
Central Valley, to higher amounts of ﬁne material, high nutri-
ents concentrations and small D50 that are representative of
streams in the low gradient, southern part of the Central
Valley. The second PC-axis of the ordination appeared to rep-
resent in-stream structure and temperature. Streams ordinated
along this axis tended to shift from relatively low amounts of
undercut banks, fewer number of pieces of woody debris and
higher temperature to relatively high amount of undercut
banks, a higher density of woody debris and lower
temperature. Thus, the two PC-axes represent gradients in
habitat characteristics along ranges in geographic location
and in-stream structure and temperature.
To determine if variation in the environmental gradients
represented by PC1 and PC2 correlated with the size of
Chinook populations, we used linear regression to compare
the PCA axes with estimates of salmon density from recent
years. Although we sampled 20 total streams, only 13 of the
streams (including the Merced) had estimates in CDFG’s
GrandTab ﬁle and could be used for the analyses. We found
that PCA axis 1, which represents geographic location, did
not correlate with salmon density in 2008 (Figure 5b), the
year when we completed our survey in California’s Central
Valley. In contrast, PCA axis 2, in-stream structure and
temperature, showed a signiﬁcant negative correlation with
salmon density (Figure 5c). Salmon density—standardized
by stream size—tended to be lower in streams that had rela-
tively low amounts of undercut banks and woody debris as
well as those streams with relatively high temperatures.
These trends were consistent for salmon density in 2007,
the year just before our sampling effort. In 2007, PCA axis
1 showed no relationship with salmon density (R2 = 0.08,
p= 0.79, F1,12 = 0.08) and PCA axis 2 showed a signiﬁcant
negative relationship with salmon density (R2 = 0.42,
p= 0.02, F1,12 = 8.0). These results indicate that population
size was most associated with variation in water temperature
and the amount of in-stream structure.DISCUSSION
The bottlenecks that mediate restoration and recovery of
salmon populations remain poorly understood despite the
large amount of effort and funding being allocated to thisRiver Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
Figure 3. Non-metric multidimensional scaling (NMDS) ordination of invertebrate communities that serve as the food supply for juvenile salmon reveals
that the type of food available in theMerced is similar to other rivers in the region that also support salmon (a). TheMerced restored (MR) site falls at the
centre of the plot, suggesting that it supports an invertebrate community similar to an average stream in the region. The boxplots illustrate that compared
with other streams in the region, invertebrate abundance is similar (b) but the number of herbivores is relatively high (c). Open circles above the boxplots
represent the raw data, and the black triangle above the boxplots represents theMerced restored site. Abbreviations of stream names in the NMDS are the
ﬁrst two letters of the stream name that is shown in Table I
Figure 4. The boxplots illustrate the distributions of habitat characteristics from 19 streams in the region that describe habitat structure. The raw
data are shown as open circles, and the black triangle above the boxplot represents the Merced restored site. Undercut banks (a), in-stream woody
debris (b and c) and shade cover (d) are all virtually absent in the restored Merced River
L. K. ALBERTSON ET AL.478economically, culturally and ecologically important ﬁsh.
Here we have used a regional comparison to identify several
habitat characteristics in a restoration site in California’s
Merced River that have potential to limit recovery of salmon
populations in restored rivers. By comparing habitat charac-
teristics with 19 other streams known to support salmon in
the same geographic region, we found that ﬂow, geomorph-
ology, trophic status and food supply in the restored Merced
River are all relatively similar to neighbouring streams.
Thus, it seems unlikely that these features represent a bottle-
neck to salmon restoration. In contrast, we found that in-
stream habitat structure is almost completely absent from
the restored Merced River and that temperature in this
restored site is higher than the typical of other salmon
streams. Using a correlative analysis, we found that salmon
density in California’s Central Valley is higher in streams
that have more in-stream habitat structure, like undercutCopyright © 2012 John Wiley & Sons, Ltd.banks and woody debris, and that are characterized by rela-
tively low temperatures. Taken together, these ﬁndings lead
us to hypothesize that the lack of undercut banks, woody
debris and the higher temperature in the Merced River have
potential to be key factors that limit the success of this res-
toration project.
The regional reference condition for the restored Merced
River that we begin to establish in this study expands upon
our previous attempts to evaluate what habitat characteristics
are different in the restoredMerced compared with an upstream
reference location that is in close spatial proximity. In our prior
spatial comparisons, we found that the restored Merced site
had lower invertebrate abundance and biomass than the refer-
ence site. More importantly, this comparison showed a shift
in the dominant prey item available for ﬁsh—from large ben-
thic, ﬁlter-feeding caddisﬂies (Hydropsyche) in the unrestored
reference site to comparably small andmobile mayﬂies (Baetis)River Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
Figure 5. (a) Principal components analysis (PCA) shows that two axes explain the majority of variation in the data set. The ﬁrst axis is an ele-
vational gradient ranging from low ﬁne material, low nutrients and high D50 to high ﬁne material, high nutrients and low D50. The second axis
of variation shifts from high undercut banks, high density of woody debris and low temperature to low undercut banks, low woody debris and
high temperature. The restored Merced (MR) plots in the upper left-hand quadrant suggests that it has relatively high D50, low nutrient con-
centrations and low ﬁne material along PC1 and has few undercut banks, few pieces of woody debris and high temperature along PC2. Stream
name abbreviations are either the ﬁrst one or two letters of the stream name (see Table I), and plus (+) and minus () symbols represent high
and lowmagnitude along each axis. (b) Correlation of PCA axis 1 with salmon density (estimated as number of ﬁsh per mean annual discharge)
in 2008. PC1 shows no relationship with salmon density. (c) Correlation of PCA axis 2 with salmon density in 2008. PC2 shows a signiﬁcant
negative relationship with salmon density
HABITAT CHARACTERISTICS FOR CHINOOK SALMON IN A RESTORED RIVER 479in the restored site (Albertson et al., 2010). Initially, this sug-
gested to us that the quantity and quality of food might be a
limitation in the restored Merced because juvenile ﬁsh that are
unable to acquire enough food to reach a larger size generally
suffer more mortality because of, for example, predation
(Sogard, 1997), and bioenergetic constraints imposed by food
availability, as well as current velocity and temperature, have
been shown to be key determinants of young ﬁsh growth
(Kitchell et al., 1977; Neilson and Geen, 1985; Nislow et al.,
1999). However, the regional survey that we conducted
shows that most streams in the region that support salmon
populations have comparable amounts of invertebrates
and are typically dominated by mayﬂies. In addition, we
have recent evidence that suggests that juvenile salmon in
the restored Merced River specialize their feeding on Baetis
and that they have similar growth rates to populations up-
stream (Utz et al., in review). Thus, we suspect that the
quantity and type of prey items available for juvenile feed-
ing are not likely to limit the restoration effort.
In contrast to the food supply, we found that major habitat
features that potentially provide low-ﬂow refuge for juvenileCopyright © 2012 John Wiley & Sons, Ltd.ﬁsh growth and protection from predation are almost com-
pletely lacking in the restored Merced site. Undercut banks
and woody debris are major habitat structures that provide
low-ﬂow refuges for juvenile salmonids (McMahon and
Hartman, 1989; Rabeni and Jacobson, 1993; Roni and
Quinn, 2001), and many studies have found that woody
debris or artiﬁcial in-stream structures increase ﬁsh abun-
dance (Robertson and Crook, 1999; Roni and Quinn,
2001; Neumann and Wildman, 2002; Finstad et al., 2007;
Floyd et al., 2009). Reduction in shade cover, a common
feature of restored river sites (Moerke and Lamberti,
2004), may also increase visibility to predators (McMahon
and Hartman, 1989), as well as contribute to higher water
temperatures that affect time to hatch, juvenile feeding and
juvenile growth (Beacham and Murray, 1990). The potential
impacts of temperature on Chinook are especially important
to consider in the Merced, where the species is at its south-
ernmost range limit (Moyle, 1976). It is possible that these
habitat characteristics that are missing from the restored
Merced are evolving very slowly because recruitment of
riparian vegetation is often on the scale of 1–5 years andRiver Res. Applic. 29: 469–482 (2013)
DOI: 10.1002/rra
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ics, characteristics that have been altered in most rivers like
the Merced that are ﬂow regulated (Stromberg, 2001; Jensen
et al., 2008). But even 8 years postchannel reconﬁguration,
there is still no sign that riparian vegetation that would
provide woody debris, bank structure or shade cover to the
Merced restoration site is developing.
Not only did our survey show that undercut banks, woody
debris and shade cover are missing from the restored Merced
but also we found that these same factors correlated most
strongly to salmon density across streams throughout the
region. The strength and consistency of these correlations
surprised us considering the inconsistency of methods that
have been used to determine population sizes in California’s
Central Valley (Williams, 2006; Johnson et al., 2007).
Because of these inconsistencies in methodology, the correla-
tions should not be viewed as anything more than hypotheses
that remain to be tested. Even so, if the key habitat features
that are missing from the Merced restored site are inﬂuencing
juvenile survivorship, then it is a reasonable possibility that
salmon density will be impacted. Previous studies have
shown that juvenile size at smolting shows a strong positive
correlation with adult survival (Bilton et al., 1982; Ward
and Slaney, 1988; Lundqvist et al., 1994), and survival of
ﬁrst-year salmon has been shown to positively inﬂuence
population stock sizes (Emlen, 1995). In California’s Central
Valley, recent evidence suggests that juvenile survivorship is
extremely low and that allocating water to improve juvenile
survivorship might enhance population recovery (Brown
et al., 2009).
In summary, we have used a case study from a restored
site in California’s Merced River to identify select habitat
features that have potential to limit the success of efforts
to restore Chinook salmon. We found that many features
of this system that inﬂuence spawning habitat or egg sur-
vival are in good shape. This is not surprising given that
increased spawning habitat was the intended goal of this res-
toration effort, and other studies have veriﬁed that restor-
ation projects like that in the Merced create suitable habitat
for spawning adult salmon (Merz and Setka, 2004; Harrison
et al., 2011). However, it appears that many habitat features
that are required for the successful rearing of juvenile
salmon have been neglected in the restoration design, and
these features pose a potential bottleneck to this portion of
the salmon life cycle. Studies like ours, which seek to inden-
tify the potential bottlenecks to restoration, are especially
important considering that salmon populations are continu-
ing to decline in California despite the substantial amount
of funding that has been allocated to restoration efforts. To
improve our current approach, restoration efforts must
include a suite of biological and physical habitat characteris-
tics that are required to support all stages of the Chinook
salmon life cycle.Copyright © 2012 John Wiley & Sons, Ltd.ACKNOWLEDGEMENTS
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